The 157 nm laser ablation efficiency and the resolution limit of micro-patterned structures of fluoride based organic surfaces (polymers, monomers) depend on both the material's properties and the irradiation conditions, such as the laser's fluence and the beam diameter. For 1-10 mJ/cm 2 and beam diameter less than 10 μm, accumulation of dissociated products on the irradiated surfaces prevented efficient laser ablation . The surface's etching rate for beam diameter larger than 10 μm, was linearly depended on the fluence and it had the capacity of sub-nanometer resolution in the direction of the laser beam (perpendicular to the irradiated surface). In addition, it was found that the etching rate was proportional to the photodissociation rate of the materials (out-gassing rate).
Introduction
The physical principles of fabricating microstructures on thin films with laser light in the Vacuum Ultraviolet (VUV) region of the spectrum (100-180 nm), on fluoride organic films are presented in this communication. The applications span a wide range in science and engineering. A number of novel approaches and methodologies were developed recently, suitable for micro-fabrication of devices containing biological systems. New materials were designed and efficient patterning methods were proposed for modern multi-analytic devices [1] . Among the variety of patterning techniques [2, 3] , laser ablation is an efficient direct-writing method, which was proposed for bio patterning [4] . It has certain advantages, as it does not require masks and does not include wet steps that might denature proteins or complicate the processes. The methodology is targeting the specification of surface functionality and increasing the writing density with parallel improving of detection efficiency for sensing applications. The 157 nm F 2 laser is able to modify the chemical functionality of surfaces during patterning and to improve resolution. Major applications include surface preparation of biological films, preservation of cultural heritage artifacts, biology and fabrication of bio-arrays [5, 6] . The common denominator of these applications is based on the fact that nano-fabrication at VUV wavelengths allows atomic resolution depth control, induces chemical changes and at the same time enhances surface functionalization, with the most prominent application that of DNA micro-array fabrication. [7] [8] [9] [10] [11] [12] [13] [14] [15] . On the other hand, fluoride organic films are good candidates for such applications. The technology was applied using Poly (2,2,2-trifluoromethyl methacrylate), PTFEMA, for bio-array micro-fabrication [6] with the following advantages: 1) It allows surface preparation at VUV wavelengths with localized chemical changes and controlled surface roughness [16] [17] [18] [19] [20] . 2) It stimulates surface functionality.. 3) It enhances detection sensitivity and accelerates hybridization time by optimizing the patterning structures and specifying the limits to control the surface etching rate on the molecular level. In this communication we report on the ablation efficiency and the surface morphology of 157 nm laser micro-patterned fluoride based organic surfaces. They both depend on material's properties and the irradiation conditions. The resolution limit of micro-patterned structures depends on both the laser's fluence and beam's diameter. Accumulation of dissociated products on the surfaces prevents efficient laser ablation with beam diameter less than 10 μm at 1-10 mJ/cm 2 . The etching rate at larger beam diameters was a linear function of the fluence and it was controlled with nanometer resolution in the direction perpendicular to the surface. In addition, it was found that it was proportional to the photodissociation rate of materials (out-gassing rate). The outgassing rate of four different phenyl-prop based fluoride monomers was comparable to the rate of PTFEMA and Teflon polymers and with similar photochemical response and surface etching rate. The overall assessment of the method suggests that, for these materials, fabrication of arrays was possible for beam diameter >10μm. The surface morphology and the thickness loss was controlled by adjusting the laser's parameters. By applying this methodology, the resolution of the film's etching rate was ~ 0.5 nm in the Z direction per pulse at ~ 1mJ/cm 2 . Generally it depends on the materials and the preparation conditions of the film.
Experimental
Micro array patterning on PTFEMA polymer substrates was demonstrated and the best results were achieved with laser beam diameter > 10μm at 1mJ. Patterning with resolution better than 10 μm was difficult to be achieved on the PTFEMA and the fenyl-prop monomers, due to the accumulation of material on the illuminated areas and swelling of the substrate from volume ablation. Patterning with beam diameter > 20 μm at ~ 1 mJ, provides pillar-free surfaces. The materials were placed on a X-Y-Z-Θ computer controlled translation stage and the laser beam was focused with a CaF 2 projection optics. Different types of micro etched surfaces and shapes were obtained on films, spin/dip coated on Si substrates. With this experimental configuration, the resolution of the focused beam on the target was adjustable from 3 mm to 10
μm. An improved version of the system allowed further flexibility, accuracy and automatic alignment by interfacing it to a CCD imaging system operating in a real-time feed back mode, Fig. 1, 2 . The system has 2 μm translation and position resolution during the successive steps of the manufacturing processes. In each step, the organic films, were taken out from the micromachining stage, then they were processed and finally were placed back to proceed with the next step, and so on. The micro-arrays of Fig. 3 were fabricated using a three-lens projection system. With the additional use of two mirrors, improved shaped circular spots on the polymer were obtained, Fig. 4 . For laser's beam spot-size less than ~ 15 μm, the ablation efficiency was reduced progressively. Furthermore, photochemical changes on the molecular level can be evaluated by applying mass-spectrometry and atomic force microscopy (AFM) imaging of the irradiated surfaces. With the application of these methodologies the thickness loss of four different fluorine monomers was measured using a similar methodology as for the PTFEMA polymer [6] . The monomers were the following (S1):
The fluoro-monomers were dissolved in CH 2 Cl 2 and then, the films were grown by slow evaporation of solutions on Si wafers.
Results and discussion I.
VUV Photo-dissociation Excitation of organic materials with VUV light is followed by dissociation. Part of the energy of the absorbed photon is expended in breaking the chemical bonds, and forming molecules with smaller number of atoms. A fraction of photon energy is converted to translational energy of the photo-fragments and eventually the electronically excited molecules relax to the ground electronic state(s) either radiatively or non-radiatively. At VUV wavelengths, excitation from the ground electronic state W 1 to the excited electronic state W 2 is followed by dissociation. The energy transfer is considerably faster than vibration relaxation. The dissociation probability Γ, is given by the photo-dissociation rate Γ, which in most cases is the rate of organic film's etching [6] . The photo-dissociation rate is given by the equation: It relates the dissociation rate with the molecular parameters S 1,2 , V(R), and υ and it is inversely proportional to the difference of the slops S 1,2 of the two potential surfaces at the point of intersection. V is the dipole moment of the optical transition and υ is the mechanical action of the molecular system. Taking into consideration that the photo-dissociation rate at low laser energy is independent from the beam's parameters, eqn.1, the photo-dissociation rate at VUV wavelengths is an intrinsic molecular property. In other words, the etching rate of polymers at VUV wavelengths is taking place even with the lowest number of photons possibly available. We expect therefore one photon to break one molecular bond of the parent organic molecule (e.g polymers, monomers, etc) and subsequently to release at least one photo-fragment. The above theoretical considerations were previously confirmed experimentally for a large number of different organic molecules [6] . The photo-dissociation and the etching rate of various organic materials were measured by applying different experimental methodologies such as dynamic out-gassing, AFM imaging and VUV absorption spectroscopy [6] . 
II. Out gassing rate of fluoro-polymers/monomers.
The photo-dissociation rate of polymers at a given wavelength is an indication of the level of surface and volume modifications and the chemical changes induced by light. The molecular photo-dissociation at low energy (< 1mJ) is localized mainly on the surface of the films and giving structures with perfectly sharp edges. The process is therefore important in micro/nano engineering processing of materials. The sharpness of the step across the boundary between the irradiated/non-irradiated areas depends on the material as well, Fig.5 . One of the experimental methodologies of determining the photo-dissociation rate at 157 nm, is to monitor the background pressure inside the stainless-steel (SS) vacuum chamber where the organic films were placed following their irradiation at 157 nm (dynamic out-gassing). Generally, the out-gassing rate is the amount of moieties released in the gas phase per unit time and surface area from the organic film and it is expressed in mbar in a
). Prior to irradiation, out-gassing of SS vacuum chamber was measured under different experimental conditions (static out-gassing). It was found that contamination of the SS chamber was taking place following irradiation of materials at 157 nm. Thus the number of photofragments ejected out from the surface or the volume of the polymer can be evaluated. On the other hand, from the energy of the laser beam, the number of ejected photo-fragments from the surface of the polymer film per photon can be estimated. The out-gassing rate of fluorine monomers (S1-4) is indicated in Fig. 6 . Taking into consideration that the increase of the background pressure inside the SS chamber was δP ~10 -5 mbar at 1mJ, the number of out-gassed atoms and molecules, ejected out from the surface of the illuminated areas 2) The photons are penetrating within the volume of the film (yellow area).
3) The yellow area is ablated through photodissociation giving sharp edges at the boundaries between irradiated/non-irradiated area. Right: AFM image of the edge between exposed / non-exposed areas at 157 nm (~ 1 nJ/cm 2 ). was ~ δn = 1.54 X 10 15 on the average. As 1mJ carries 7.9X 10 14 photons, 1 photon ejects on the average several atomic/molecular species. The indicative out-gassing rates (pressure differences) of the S1-4 fluoride monomers at different fluence are tabulated in table 1.
The composition of the out-gassed moieties was analyzed with mass spectroscopy. The mass spectrum of S2 is indicated in Fig. 7 . Despite the fact that the background pressure in the detection area could be as low as 10 -8 mbar, the pressure within the high vacuum chamber with the S2 polymer inside was ~ 9X10 -7 mbar. Photofragments with m/e less than 40 were mainly detected, a fact, which indicates that the S2 monomer is photodissociated at small photo-fragments far more efficient at 157 nm in agreement with previous results, [22, 23] . The peaks at 19, 31, 43, 50, 69, 81, 100 amu correspond to the F, CF, C 2 F CF 2 , CF 3 , C 2 F 3 and C 2 F 4 moieties respectively. The low abundance at higher m/e was due to further dissociation from 157 nm photons. On the contrary, at longer wavelengths and for Teflon, parts of material were removed without degradation or decomposition and higher values of m/e were recorded in the mass spectra, [24, 25] .
III. AFM imaging
With the application of AFM imaging technique, the relation between thickness loss and laser energy was established by measuring the thickness loss (step) of the boundary between illuminated / non-illuminated areas. This method does not require ultra high vacuum, contrary to dynamic out-gassing . At the same time, the surface morphology of the exposed/non-exposed areas is revealed. In Fig. 8a, b the edge of the PTFEMA polymer is clearly seen, and from Fig.8b it was measured to be 0.7 nm for 1 mJ/cm 2 , in agreement with previous results [6] and the theoretical predictions of eqn 1.The etching rate was linearly depended on the fluence. Similarly the etching rate for the S1-4 monomers was 0.5, 0.6, 0.8, 1 nm respectively, for 1 mJ/cm 2 and it was linearly depended on laser's fluence between 1-10 mJ/cm 2 . The fluence was controlled with the energy of the beam by keeping constant the diameter of the beam. Table 1 Average out-gassing rates (pressure differences) of the S1-4 fluoride monomers. Besides the application of the above methodologies to determine the etching rate of organic films, an additional method was applying previously. A thin polymeric film of known thickness was deposited on a CaF 2 substrate by spinning and the absorption coefficient of the film was measured with VUV absorption spectroscopy. Following the experimental procedure, part of the film was etched at 157 nm at a given laser fluence. The absorbance of the etched film was measured again, [6] and the experimental data were fitted to the Beer's low. The thickness loss of the etched film was thus evaluated, and a direct relationship between the film thickness loss and the laser energy at 157 nm was established, verifying thus a linear rela-tionship between them, as it is expected from eqn. 1, [6] .
IV. Surface morphology
At higher laser energy, explosive dissociation within the sample's volume rapidly increases the pressure. For given laser energy, reduction of the size of the beam diameter, confines the same amount of photons, (and thus dissociative moieties), within a smaller volume space in the sample, increasing thus the collision rate and the pressure within the irradiated volume. In the case of higher pressure, the material will be removed through surface ablation accompanied by surface swelling. Furthermore, the initial surface morphology, the density and the presence of the size defects on the polymer surface, are important during the interaction of radiation with matter at 157 nm as a fraction of the photons was transmitted within the polymer volume under the surface.
The penetration depth (absorption coefficient), depends on the amount of the surface and the volume defects with size 1-5 nm, which further increase the penetration depth. In this case, the volume dissociation is predominant over surface dissociation and the polymer's surface is accompanied by swelling. In the case of lower energy, the dissociated products, escape from the polymer's volume and the illuminated area shrinks with the appearance of a surface dipping, Fig.9 . Swelling and dipping is the dominant process at smaller beam diameters, where the dissociation rate from inside the polymer's volume is higher than from surface. For PTFEMA, either non-ablative swelling or dipping was the predominant process, when the surface was irradiated with 100 laser pulses and with a 10 μm beam diameter at 1 mJ/cm 2 . The surface was swelling by ~ 50 nm and around the edges, the surface dipping can be clearly seen. Volume ablation was not observed for Teflon samples [6] . Besides volume ablation, in the case of a laser spot of ~10 μm, enhanced collision rate of the ejected photofragments within the plume above the surface, recombination of dissociated photoproducts and fast relaxation were taking place. The photoproducts in this case, were not efficiently removed from the surface, but they agglomerate in the form of pillars, Fig. 10 . The formation of the negative charged F -, CF -1 photo fragments in the ablative plume, enhances the collision rate further in comparison to different types of organic films. The formation of nano-pillars with dimensions ranging from 10 nm to 1 μm was observed for both PTFEMA and Teflon [6] . Surface ablation of PTFEMA was observed previously and on the average 0.5 nm thin layers of polymer were removed at 1mJ/cm 2 [6] . In the case of laser spot size larger than Fig. 10 Stacking of dissociated products on the surface of the polymer. When the laser spot size was < 10μm, the dissociated products were stuck on the polymer surface forming pillars due to the enhanced collision rate. The columns had different size (nm/μm). The area was illuminated at 1 1mJ/cm 2 . 20 μm, ablation was taking place predominantly from the surface of the polymer. As it has been experimentally demonstrated, efficient laser ablation of the polymers is taking place when the spot size of the laser beam was focused to dimension higher than 10 μm. For beam diameter smaller than ~ 10 μm, the material was difficult to be removed by ablation in a reasonable time-scale and with good surface quality. At higher laser fluence, the overall assessment of the methodology indicates that, fabrication of micro-arrays in PTFEMA and the fluoromonomers S1-4 was fast and efficient for laser beam diameters > 20μm. Ablation rate of polymer surfaces under vacuum conditions was one order of magnitude higher than ablation in nitrogen. However contamination of the expensive projection optics by the out-gassed products prevents the long-term ablation under vacuum conditions.
Conclusions
The resolution limit of micro-patterned structures of fluoride based organic surfaces (polymers, monomers) and the etching rate depends on both the laser's fluence and beam's diameter. With beam diameters larger than 10 μm, the etching rate is a linear function of the fluence. In addition, the surface's etching rate was proportional to the photodissociation rate and with similar photochemical response at 157 nm for the fluoride materials. Light induced chemical changes have the advantage of multi functionality of surfaces for a variety of applications.
